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GNSS CONTROL SYSTEM AND METHOD
FOR IRRIGATION AND RELATED
APPLICATIONS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present mvention relates generally to global naviga-
tion satellite system (GNSS) control systems and methods for
mobile, fixed-course equipment for irrigation and related
applications.

2. Description of the Related Art

GNSS guidance and control are widely used for vehicle
and personal navigation and a variety of other uses involving
precision location in geodesic reference systems. GNSS,
which includes the Global Positioning System (GPS) and
other satellite-based positioning systems, has progressed to
sub-centimeter accuracy with known correction techniques,
including a number of commercial Satellite Based Augmen-
tation Systems (SBASs).

Agricultural equipment represents a significant market for
GNSS control systems. Various aspects of agricultural equip-
ment guidance can benefit from GNSS technology, including,
tillage, planting, spraying (e.g., applying fertilizer, herbi-
cides, pesticides, etc.) and harvesting. In arid regions, mecha-
nized 1irrigation techniques and equipment have greatly
increased crop production and correspondingly made vast
tracts of previously barren land viable for productive agricul-
ture, thus enhancing 1ts value and crop vields. Broadly speak-
ing, mechanized irrigation involves pumping water from a
source and spraying 1t on crops and/or fields. Although
sprayer vehicles are extensively used and widely available,
their operation tends to be relatively expensive due to oper-
ating costs such as labor and fuel, and capital costs of
vehicles. Therefore, automatic irrigation systems tapping into
subterrancan aquifers are widely used and cover large areas
relatively cost-effectively. Typical large-scale irrigation uses
distribution piping carried on self-propelled support towers
and supplying multiple spray nozzles, which pass over crops
and distribute water evenly thereon. Self-propelled 1irrigation
equipment 1s constructed for linear operation, e.g., along
guide paths, and for center-pivot operation, which produces
circular 1rrigation patterns.

Such 1rrigation equipment tends to move relatively slowly
and operate relatively automatically, and 1s thus ideal for
autonomous guidance and control. Previous methods of
monitoring and guiding irrigation devices include positive
position encoders located at the center pivot for monitoring,
angular or rotational orientation of the rrigation boom with
respect to the center pivot. Another method included buried
wires and sensors, which were detectable by equipment
mounted on the rotating booms.

Global navigation satellite systems (GINSS), including glo-
bal positioning systems (GPS), have also been used for center
pivot 1rrigation monitoring and guidance. For example, U.S.
Pat. No. 6,095,439 discloses a corner irrigation system
including a GPS guidance system. Field corners, which
would otherwise fall outside a circular coverage pattern, are
accommodated by an extension boom, which 1s pivotable
with respect to a main boom and swings out into the field
corners under GPS guidance. However, previous GPS guid-
ance and control systems for agricultural irrigation have
tended to be relatively expensive, complex, mnaccurate and/or
susceptible to other deficiencies and disadvantages.

It 1s known 1n the art that by using GPS satellites’ carrier
phase transmissions, and possibly carrier phase signal com-
ponents from base reference stations or Space Based Aug-
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2

mentation Systems (SBAS) satellites, including Wide Area
Augmentation System (WAAS) (U.S.), and similar systems
such as EGNOS (FEuropean Union) and MSAS (Japan), a
position may readily be determined to within millimeters.
When accomplished with two antennas at a fixed spacing, an
angular rotation may be computed using the position differ-
ences. In an exemplary embodiment, two antennas placed 1n
the horizontal plane may be employed to compute a heading
(rotation about a vertical axis) from a position displacement.
Heading information, combined with position, either differ-
entially corrected (DGPS) or carrier phase corrected (RTK),
provides the feedback information desired for a proper con-
trol of the vehicle direction.

Another benefit achieved by incorporating a GPS-based
heading sensor 1s the elimination or reduction of dnit and
biases resultant from a gyro-only or other inertial sensor
approach. Yet another advantage 1s that heading may be com-
puted while movable equipment is stopped or moving slowly,
which 1s not possible 1 a single-antenna, GPS-based
approach that requires a velocity vector to derive a heading.
Yet another advantage 1s independence from a host vehicle’s
sensors or additional external sensors. Thus, such a system 1s
readily maintained as equipment-independent and may be
moved from one vehicle to another with minimal effort. Yet
another exemplary embodiment of the sensor employs Global
Navigation Satellite System (GNSS) sensors and measure-
ments to provide accurate, reliable positioning information.
GNSS sensors include, but are not limited to GPS, Global
Navigation System (GLONAS), Wide Area Augmentation
System (WAAS) and the like, as well as combinations includ-
ing at least one of the foregoing.

An example of a GNSS 1s the Global Positioning System
(GPS) established by the United States government, which
employs a constellation of 24 or more satellites 1n well-
defined orbits at an altitude of approximately 26,500 km.
These satellites continually transmit microwave L-band radio
signals 1n two frequency bands, centered at 1575.42 MHz and
1227.6 MHz, denoted as L1 and L2 respectively. These sig-
nals include timing patterns relative to the satellite’s onboard
precision clock (which 1s kept synchronized by a ground
station) as well as a navigation message giving the precise
orbital positions of the satellites, an 1onosphere model and
other useful information. GPS receivers process the radio
signals, computing ranges to the GPS satellites, and by trian-
gulating these ranges, the GPS recerver determines 1ts posi-
tion and 1ts internal clock error.

In standalone GPS systems that determine a receiver’s
antenna position coordinates without reference to a nearby
reference receiver, the process of position determination 1s
subject to errors from a number of sources. These include
errors 1n the GPS satellite’s clock reference, the location of
the orbiting satellite, ionosphere 1nduced propagation delay
errors, and troposphere refraction errors.

To overcome these positioning errors of standalone GPS
systems, many positioning applications have made use of
data from multiple GPS recervers. Typically, 1n such applica-
tions, a reference receiver, located at a reference site having
known coordinates, receives the GPS satellite signals simul-
taneously with the receipt of signals by a remote recerver.
Depending on the separation distance between the two GPS
receivers, many of the errors mentioned above will atfect the
satellite signals equally for the two recervers. By taking the
difference between signals received both at the reference site
and the remote location, these errors are effectively elimi-
nated. This facilitates an accurate determination of the remote
receiver’s coordinates relative to the reference receiver’s
coordinates.
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The technique of differencing signals from two or more
GPS recervers to improve accuracy 1s known as differential
GPS (DGPS). Differential GPS 1s well known and exhibits
many forms. In all forms of DGPS, the positions obtained by
the end user’s remote receiver are relative to the position(s) of
the reference receiver(s). GPS applications have been
improved and enhanced by employing a broader array of
satellites such as GNSS and WAAS. For example, see com-

monly assigned U.S. Pat. No. 6,469,663 to Whitehead et al.
titled Method and System for GPS and WAAS Carrier Phase
Measurements for Relative Positioning, dated Oct. 22, 2002,
the disclosures of which are incorporated by reference herein
in their entirety. Additionally, multiple receiver DGPS has
been enhanced by utilizing a single recerver to perform dif-
ferential corrections. For example, see commonly assigned
U.S. Pat. No. 6,397,147 to Whitehead titled Relative GPS
Positioning Using A Single GPS Receirver With Internally
Generated Differential Correction Terms, dated May 28,
2002 the disclosures of which are incorporated by reference
herein 1n their entireties.

Heretofore there has not been available a GNSS control
system for agricultural irrigation and related applications
with the advantages and features of the present invention.

SUMMARY OF THE INVENTION

Disclosed herein 1in an exemplary embodiment 1s a GNSS
control system {for 1rrigation equipment, which system
includes a base GNSS receiver with a base antenna, which can
be mounted on a main wrrigation boom, and a rover antenna
mounted on an extension irrigation boom, which pivots out-
wardly from the main irrigation boom to cover field corners.
The GNSS ranging signals recerved by the antennas are pro-
cessed by a single recerver and processor for determining a
position and/or attitude of the extension boom, which 1s
guided through the corners thereby. Alternative aspects
include an RTK base unit for recerving and transmitting RTK
correction signals. Another alternative aspect provides mul-
tiple receivers on the 1rrigation boom sections. A method 1s
adaptable for obstacle avoidance 1n an wrrigated field. Other
field conditions and configurations can be accommodated,
including elongated rectangular fields. Spray nozzle opera-
tion can also be selectively and individually controlled for
irrigation and related applications.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a fragmentary, perspective view of a center-pivot
irrigation application of the control system and method of the
present invention, particularly showing a vector control of an
extension boom section 1n a field corner;

FIG. 2 1s a schematic diagram of the control system, which
1s configured for determining vectors;

FIG. 3 1s a plan view of the center-pivot 1rrigation equip-
ment application, showing the progressive extension boom
section positions and configurations;

FIG. 4 1s a schematic diagram of an alternative aspect
control system with RTK;

FIG. 5 1s a plan view of a center-pivot irrigation application
covering multiple, nearby fields and including a centralized
RTK receiver;

FIG. 6 1s a schematic diagram of a system with the base
providing RTK correction;

FI1G. 7 1s aplan view of a center-pivot irrigation application
with a base located at the center pivot;
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4

FIG. 8 1s a plan view of a center-pivot irrigation application
with the control system and the boom sections configured for
obstacle avoidance; and

FIG. 9 1s a plan view of an irrigation application for an

clongated, rectangular field with an extension boom covering
the field corners.

DETAILED DESCRIPTION OF THE
ASPECTS

PR.

(L]
By

ERRED

I. Introduction and Environment

Global navigation satellite systems (GNSSS) are broadly
defined to include GPS (U.S.), Galileo (Europe, proposed),

GLONASS (Russia), BeidoulCompass (China, proposed),
IRNSS (India, proposed), QZSS (Japan, proposed) and other
current and future positioning technology using signals from
satellites, with or without augmentation from SBAS or ter-
restrial reference correction sources. Said terminology will
include the words specifically mentioned, derivatives thereof
and words of similar meaning.

Without limitation on the generality of usetul applications
of the present invention, an exemplary application comprises
a GNSS control system 2 for self-propelled, center-p1vot irri-
gation equipment 4. “Control,” as used herein, encompasses
all functions and operating parameters associated with the
irrigation equipment 4, such as navigation in a geodetic frame
ol reference via motive power and steering control, and the
operation of operative components such as spray nozzles,
pumps, €tc.

The rngation equipment 4 generally includes a center
pivot 6 connected to an articulated boom assembly 8, which
includes a main boom section 10 and an extension boom
section 12. The center pivot 6 can comprise a wellhead con-
nected to a subsurface aquifer, or a suitable water source, such
as a pipeline, can supply the equipment 4. A pump can be
provided for delivering water under pressure to the boom
assembly 8. The boom assembly 8 generally has a horizontal
truss configuration and includes multiple drive towers 14
positioned at spaced intervals, including a steerable drive
tower 14a supporting and mobilizing the boom extension
section 12. As shown 1n FIG. 1, an 1irrigated field 16 includes
a circular central area 18 with corners 20 between the circum-
terence 22 of the circular area 18 and the field perimeter 24,
which generally defines a square 1n the illustrated example.
The boom assembly 8 1s shown with a counterclockwise
direction of rotation as indicated by the directional arrow 26,
although the rotational direction could also be clockwise. The
main and extension boom sections 10, 12 intersect at a hinged
connection 28, which 1s generally located at a drive tower 14.

II. GNSS Control System 2

The GNSS control system 2 can comprise a single-re-
ceiver, two-antenna vector system as shown i FIG. 2. A
GNSS recerver 30 includes an RF converter (downconverter)
32 connected to a first antenna 34, which can be designated as
a base, reference or master antenna. A tracking device 36 1s
connected to the downconverter 32 and provides GNSS-de-
rived ranging data for a controller (CPU) 38, including a
graphical user interface (GUI)/display 40, a microprocessor
42 and media 44 for storing data. The controller 38 can be
associated with the main boom section 10. A second antenna
46, which can be designated as a rover or slave antenna, 1s
mounted on the extension boom section 12 and 1s connected
to the recerver 30 by an RF cable 48 for providing GNSS-
derived ranging signals to the recerver 30. The RF cable 48
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has a constant length whereby cable delays are relatively
constant and can be accurately calculated and taken into
account 1n processing the GNSS signals. Other relatively
constant (linear) delays, such as temperature-related delays,
can be accommodated with suitable corrections, such as a
lookup table stored 1n the media 44.

The controller 38 controls the operation of the drive towers
14, 14a via a CAN bus 50 or some other suitable communi-
cation mode, such as RS-485 or a wireless RF connection,
which can be selected for compatibility with the drive tower
control communications of the irrigation system manufac-
turer. The speed of the drive towers 14 1s vanably controlled.
Moreover, the speed and direction of the steerable drive tower
144 1s controlled via the CAN bus 50, or some other suitable
communication mode. Multiple spray nozzles 52 can be 1ndi-
vidually and selectively controlled by the controller 38 via the
CAN bus 50. For example, the controller 38 can be prepro-
grammed for 1rrigation 1n varying amounts emitted from the
nozzles 52 depending upon, for example, boom speed (in-
creasing proportionally outwardly from the center pivot 6),
wind speed and direction, field conditions, crop conditions,
etc.

The vector configuration of the GNSS control system 2
provides a heading for the boom extension 12 based on the
location differential for the antennas 34, 46 and a fixed dis-
tance between them. An advantage of such a vector 1s that the
boom extension 12 heading or attitude can be calculated with
the boom 8 at rest or moving slowly, which 1s typically the
case with center-pivot 1rrigation equipment. Single-antenna
systems, on the other hand, require movement to determine a
direction of travel based on logged antenna positions from
which a heading or direction of travel can be determined.

FIG. 3 shows a sequence of boom assembly 8 configura-
tions for accommodating a square field 16. At the circle
quadrants (0°, 90°, 180°, 270°) where the circumierence 22
intersects the field perimeter 24, 1.e. the first condition, the
extension boom section 12 is fully retracted, forming a 90°
right angle with the main boom section 10 and trailing
directly behind 1t along the perimeter 24. In the second posi-
tion the extension boom section 12 1s fully extended to reach
a corner of the field 16 with the main boom section 10 slightly
past the crux of the corner wherealter the extension boom
section 12 begins retracting. In other words, the extension
boom section 12 1s always somewhat trailing the main boom
section 10. The third configuration occurs between the first
and second configurations, 1.e. between the fully-retracted
and the fully-extended positions. For example, 11 the ficld 16
of FIG. 3 1s oniented with due north corresponding to 0°, the
extension boom section 12 is partly retracted as the boom
assembly 8 traverses from 0° (fully retracted) to 90° (fully
retracted). Likewise, partial extension occurs between 90°
and 180°, and at corresponding intervals around the circular
area 18. The outer end of the extension boom section 12
generally follows the field perimeter 24 whereby the corner
arcas 20 are substantially completely 1rrigated, covered or
treated, depending upon the nature of the agricultural opera-
tion. By determining the extension boom section 12 attitude
from the GNSS-defined positions of the antennas 34, 46, the
extension boom section 12 can be accurately located and
guided with 1ts steerable drive tower 14a. Although the con-
trol system 2 can be set up and programmed to compute and
track the main boom section 10 position and/or rotational
orientation, the extension boom section 12 can be indepen-
dently guided through the field corners 20 without reference
to the location or orientation of the main boom section 10. In
other words, the relative locations of the antennas 34, 46
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6

provide sullicient information for properly orienting the
extension boom sections 12 through the field corners 20.

U.S. Pat. No. 7,400,294 for Satellite Positioming and Head-
ing Sensor for Vehicle Steering, which is assigned to a com-
mon assignee herewith, discloses apparatus and methods for
attitude determination using GNSS and 1s incorporated herein
by reference.

I1I. Alternative Aspect Control Systems, Methods
and Applications

A system 102 comprising a vector/RTK alternative aspect
of the invention 1s shown 1n FIG. 4 and includes a main boom
110 and an extension boom 112 generally similar to the boom
sections 10, 12 described above, with the addition of a rover
RTK receiver 106 to the main boom GNSS receiver 130 and
the addition of a fixed-position RTK base 132 including an
RTK antenna 134, a receiver 136 and a transmitter 138. The
RTK base 132 transmits GNSS correction values to the rover
recerver 106 and/or to the extension boom antenna 46, for
computing relatively accurate ranging signal corrections
using well-known techniques.

The RTK base 132 can be located anywhere within 1ts
elfective range, e.g., several kilometers or more, from the
irrigation equipment 104. For example, FIG. 5 shows mul-
tiple fields 16a, 165, 16¢ and 164 serviced by the irrigation
equipment 104 and receiving GNSS RTK correction from a
centrally-located RTK base 132.

FIG. 6 shows another configuration GNSS RTK system
152, which 1s similar to the systems 2 and 102 described
above, with a base 160 located at the center pivot 6 and
including a base GNSS recerver 162 including an RTK trans-
mitter 164. The RTK transmitter 164 transmits RTK correc-
tion signals to the rover GNSS receiver 166, which includes a
rover RTK recerver 168. Guidance can be provided for the
main boom section 170 and the extension boom section 172
using normal RTK positioning techniques, which are well
known. In conventional standalone GNSS systems that deter-
mine a recerver’s antenna position coordinates without refer-
ence to a nearby reference receiver, the process of position
determination 1s subject to errors from a number of sources.
These include errors 1n the GNSS satellite’s clock reference,
the location of the orbiting satellite, 1onosphere iduced
propagation delay errors, and troposphere refraction errors.
The RTK positioning systems described above overcome or
least minimize such errors by providing correction signals,
which are utilized by the processor for canceling out the
atmospheric, clock and other positioning errors.

FIG. 7 shows a center pivot application 182 of the GNSS
system 152. As shown, the base 160 1s located at the center
pivot 6 and the rover antenna 174 1s located partway out along
the boom section 170. In the application shown 1n FIG. 7, the
boom includes only the main boom section 170. FIG. 8 shows
an obstacle-avoidance/multiple-radius application 184 of the
GNSS control system wherein a field 186 includes an
obstacle (such as a structure, an untreated area, etc.) 188
located 1n proximity to the center prvot 6. An articulated
irrigation boom 190 includes a proximate section 192 con-
nected to the center pivot 6 and a distal section 194 pivotally
connected to the proximate section 192. A base GNSS
receiver 194 (similar to the recervers 30,132 described above)
1s mounted on the boom 190 at a hinged connection 198 of 1ts
sections 192, 194. A rover antenna 196 1s mounted partway
out along the boom distal section 194 and 1s similar to the
rover antennas 46 described above. Alternatively, a rover
recerver similar to the receivers 106, 166 described above can

be utilized. As shown 1n FIG. 8, the boom 190 1s adapted for
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folding at the hinged connection 198 whereby the obstacle
188 1s avoided. Moreover, such folding produces an effective
radius of the covered area R2, as opposed to R1 representing,
the fully-extended boom 190 radius. The system shown in
FIG. 8 can be programmed to alternate between clockwise
and counterclockwise arcuate paths of movement 1994, b rep-
resented by the directional arrows.

FIG. 9 shows a rectangular field 216 representing another
irrigation application 204 including a GNSS guidance system
202, which can be similar to the guidance systems 2, 102 and
152 described above. The field 216 i1s generally rectangular
with a medial path of travel 218 for an articulated irrigation
boom assembly 208 including main and extension boom sec-
tions 210, 212, which operate similar to the boom sections 10,
12 described above. As shown 1n FIG. 9, the boom assembly
208 1s adapted for traveling 1n a linear path of travel 218, as
indicated by the directional arrow 220, with the boom assem-
bly 208 folded. The boom assembly 208 extends across and
covers the field corners 222 at each end of 1its path of travel
218, as described above. Various other field configurations
could likewise be accommodated by articulated boom sec-
tions similar to those described above. For example, multiple

articulated sections could also be provided and controlled
with GNSS vector and/or RTK systems.

IV. Conclusion

It will be appreciated that while a particular series of steps
or procedures 1s described as part of the abovementioned
guidance method, no order of steps should necessarily be
inferred from the order of presentation. For example, the
method mncludes mstallation and power up or initialization. It
should be evident that power-up and initialization could
potentially be performed and executed in advance without
impacting the methodology disclosed herein or the scope of
the claims.

It should further be appreciated that while an exemplary
partitioning functionality has been provided, it should be
apparent to one skilled in the art that the partitioning could be
different. For example, the control of the receivers and the
controller could be integrated 1n other units. The processes for
determining the alignment may, for ease of implementation,
be 1ntegrated 1nto a single receiver. Such configuration vari-
ances should be considered equivalent and within the scope of
the disclosure and claims herein.

The disclosed mvention may be embodied 1n the form of
computer-implemented processes and apparatuses for prac-
ticing those processes. The present invention can also be
embodied 1 the form of computer program code containing
instructions embodied 1n tangible media, such as floppy dis-
kettes, CD-ROMs, hard drives, or any other computer-read-
able storage medium 44 wherein the computer becomes an
apparatus for practicing the invention when the computer
program code 1s loaded into and executed by the computer.
The present invention can also be embodied 1n the form of
computer program code stored 1n a storage medium or loaded
into and/or executed by a computer, for example. The present
invention can also be embodied 1n the form of a data signal
transmitted by a modulated or unmodulated carrier wave,
over a transmission medium, such as electrical wiring or
cabling, through fiber optics or via electromagnetic radiation.
When the computer program code 1s loaded into and executed
by a computer, the computer becomes an apparatus for prac-
ticing the invention. When implemented on a general-purpose
microprocessor, the computer program code segments con-
figure the microprocessor to create specific logic circuits.
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While the description has been made with reference to
exemplary embodiments, 1t will be understood by those of
ordinary skill 1n the pertinent art that various changes may be
made and equivalents may be substituted for the elements
thereof without departing from the scope of the disclosure. In
addition, numerous modifications may be made to adapt the
teachings of the disclosure to a particular object or situation
without departing from the essential scope thereof. There-
fore, 1t 1s mntended that the claims not be limited to the par-
ticular embodiments disclosed as the currently preferred best
modes contemplated for carrying out the teachings herein, but
that the claims shall cover all embodiments falling within the
true scope and spirit of the disclosure.

Having thus described the invention, what 1s claimed as
new and desired to be secured by Letters Patent 1s:

1. A GNSS-based control system for irrigation equipment
including a boom assembly with a main boom section, an
extension boom section hingedly connected to the main boom
section and boom drives mounted on said main and extension
boom sections respectively, which control system includes:

a first GNSS antenna mounted on the boom assembly;

a GNSS recerver mounted on the boom assembly and con-
nected to the first GNSS antenna;

a second GNSS antenna mounted on the extension boom
section and connected to the recerver:

a controller including a processor connected to and recerv-
ing input signals from said receirver, said processor being,
adapted for computing position solutions for said anten-
nas using GNSS ranging signals recerved by said
recelver;

said controller being adapted for controlling said extension
boom section drives using said position solutions;

said boom assembly including multiple spray nozzles;

cach said spray nozzle having a variable discharge rate;

said processor being adapted for selectively and imndividu-
ally controlling said spray nozzle discharge rates based
on GNSS-defined positions of said extension boom sec-
tion;

an RTK base including a base GNSS antenna, a base RTK
receiver connected to said base antenna and a base RTK
transmitter connected to said base antenna:

said RTK base adapted to service multiple fields located in
proximity to said RTK base;

said controller being programmed with a GNSS-defined
location of an obstacle located 1n a field in the path of
said boom assembly;

said extension boom section having a stop position in prox-
imity to said GNSS-defined obstacle location; and

said stop position being GNSS-defined.

2. The invention of claim 1, which includes:

said control system including a radio frequency (RF) cor-
rection signal recerver connected to said controller; and

said RTK base being located in spaced relation from said
irrigation equipment and transmitting RTK correction
signals to said correction signal receiver.

3. The invention of claim 2, which includes:

cach field having 1irrigation equipment including a respec-
tive boom assembly and a respective GNSS-based con-
trol system controlling said 1rrigation equipment; and

said RTK base providing RTK correction signals to said
control systems.

4. The invention of claim 1, which includes:

said 1rrigation equipment having a center-pivot configura-
tion with a central water source and said boom assembly
main section having a proximate end pivotally con-
nected to said water source:

said main boom section having a distal end;
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said extension boom section having a proximate end
hingedly connected to said main boom distal end and an
extension boom section distal end;

said first antenna being located at said hinged connection
of said boom sections; and

said second antenna being located on said extension boom
section 1n spaced relation from said extension boom
section proximate end.

5. The invention of claim 4, which includes:

said boom drives comprising drive towers attached to said
main and extension boom sections:

said extension boom section drive tower being steerable;
and

said processor steering said extension boom section drive
tower.

6. The invention of claim 5, which includes:

said main boom section having a generally circular move-
ment path;

said extension boom section being movable through a
range of movement relative to said main boom section
from a fully-retracted angle of approximately 90° with
said main boom section oriented perpendicularly to the
sides ol a generally square field to maximum partial
extension angle of slightly less than 180° with said main
boom section extending towards corners of said field.

7. The invention of claim 1, which includes:

said field having corner areas beyond a circular area cov-
ered by said main boom section;

said extension boom section substantially covering said
corner areas;

said extension boom section being guided through said
corner areas by GNSS positioming signals received by
said first and second antennas; and

said controller computing vector orientations of said exten-
s1on boom section for guiding said extension boom sec-
tion through said corner areas.

8. The invention of claim 1, which includes:

said field having a rectangular configuration with parallel
sides having greater lengths than ends of said field and
corners of said field;

said 1rrigation equipment having a linear travel path
between and generally parallel to said field sides;

saild boom assembly having a linear travel configuration
with said extension boom section fully retracted; and

said boom assembly having an end configuration with said

extension boom section partially retracted and covering
said field corners.

9. The invention of claim 1, which includes:

said controller and said boom drives being connected by
one of a group comprising a computer area network
(CAN) bus, a software protocol and a wireless connec-
tion.

10. The invention of claim 1, which includes:

said boom assembly having a main section drive tower on
sald main boom section, a steerable extension section
drive tower on said extension boom section and an 1nter-
mediate drive tower located 1n proximity to said hinged
connection of said main and extension boom sections.

11. A GNSS-based system for positioning a center-pivot

irrigation boom assembly including a boom drive for rotating
the boom assembly around a center-pivot water source, which
system 1ncludes:

a first GNSS antenna mounted on the boom assembly;
a GNSS recerver mounted on the boom assembly and con-
nected to the first GNSS antenna;
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a second GNSS antenna mounted on the boom assembly 1n
spaced relation outwardly from said first GNSS antenna
and connected to the receiver;

said second GNSS antenna forming a baseline with said
first GNSS antenna;

a controller including a processor connected to and recerv-
ing input signals from said recerver, said processor being
adapted for computing position solutions for said anten-
nas using GNSS ranging signals recerved by said
recelver;

said processor being adapted for computing a vector pro-
jecting from said baseline using said position solutions;

said controller being adapted for controlling the boom
drive using said vector and said position solutions;

said boom assembly 1including multiple spray nozzles;

cach said spray nozzle having a variable discharge rate; and

said processor being adapted for selectively and imndividu-
ally controlling said spray nozzle discharge rates based
on GNSS-defined positions of said antennas and vectors
of said boom assembly.

12. A GNSS-based control system for a center-pivot irri-

gation boom assembly with a main boom section, an exten-
sion boom section hingedly connected to the main boom
section and boom drives mounted on said main and extension
boom sections respectively, which control system includes:

a first GNSS antenna mounted on the boom assembly;

a GNSS receiver mounted on the boom assembly and con-
nected to the first GNSS antenna;

a second GNSS antenna mounted on the extension boom
section and connected to the recerver;

a controller including a processor connected to and recerv-
ing input signals from said recerver, said processor being
adapted for computing position solutions for said anten-
nas using the GNSS ranging signals recerved by said
recerver; and

said controller being adapted for controlling said extension
boom section drives using said position solutions;

a radio frequency (RF) correction signal receiver con-

nected to said controller;
an RTK base including a base GNSS antenna, a base RTK

receiver connected to said base antenna and a base RTK
transmitter connected to said base antenna:

said RTK base being located 1n spaced relation from 1rri-
gation equipment and transmitting RTK correction sig-
nals to said correction signal receiver;

said 1rrigation equipment having a center-pivot configura-
tion with a central water source and said boom assembly
main section having a proximate end pivotally con-
nected to said water source;

said main boom section having a distal end;

said extension boom section having a proximate end
hingedly connected to said main boom distal end and an
extension boom section distal end;

said first antenna being located at said hinged connection
of said boom sections;

said second antenna being located on said extension boom
section 1n spaced relation from said extension boom
section proximate end;

boom drives comprising drive towers attached to said main
and extension boom sections;

said extension boom section drive tower being steerable;

said processor steering said extension boom section drive
fower,

said boom assembly including multiple spray nozzles;

cach said spray nozzle having a variable discharge rate; and
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said processor being adapted for selectively and individu-
ally controlling said spray nozzle discharge rates based
on GNSS-defined positions of said extension boom sec-
tion.

13. The invention of claim 12, which includes:

said main boom section having a generally circular move-
ment path;

said extension boom section being movable through a
range of movement relative to said main boom section
from a fully-retracted angle of approximately 90° with
said main boom section 1s adapted to be orniented per-
pendicularly to the sides of a generally square field to
maximum partial extension angle of slightly less than
180° with said main boom section extending towards
corners of said field.

14. The invention of claim 13, which includes:

said field having corner areas beyond a circular area cov-
ered by said main boom section;

said extension boom section substantially covering said
corner areas;

said extension boom section being guided through said
corner areas by GNSS positioming signals received by
said first and second antennas; and

said controller computing vector orientations of said exten-
s1on boom section for guiding said extension boom sec-
tion through said corner areas.

15. The invention of claim 13, which includes:

an obstacle located 1n said field 1n the path of said boom
assembly;

said controller being programmed with a GNSS-defined
location of said obstacle;

said extension boom section having a stop position 1n prox-
imity to said obstacle; and

said stop position being GNSS-defined.

16. The invention of claim 13, which includes:

said field having a rectangular configuration with parallel
sides having greater lengths than ends of said field and
corners of said field;

said 1rrigation equipment having a linear travel path
between and generally parallel to said field sides;

said boom assembly having a linear travel configuration
with said extension boom section fully retracted; and

said boom assembly having an end configuration with said
extension boom section partially retracted and covering
said field corners.

17. The invention of claim 12, which includes:

said controller and said boom drives being connected by
one of a group comprising a computer area network
(CAN) bus, a software protocol and a wireless connec-
tion.

18. The invention of claim 12, which includes:

said boom assembly having a main section drive tower on
sald main boom section, a steerable extension section
drive tower on said extension boom section and an 1nter-
mediate drive tower located 1n proximity to said hinged
connection of said main and extension boom sections.

19. A method of guiding an articulated, center-pivot 1rri-

gation equipment boom assembly including: a main boom
section with a proximate end connected to a center-pivot
water source, a distal end and a main boom section drive; and
an extension boom section having a proximate end hingedly
connected to said main boom section distal end, a distal end
and an extension boom section drive, which method includes
the steps of:

mounting a first GNSS antenna on the boom assembly;
mounting a GNSS receiver on the boom assembly and
connecting said recerver to said first GNSS antenna;
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mounting a second GNSS antenna on the extension boom
section and connecting said second GNSS antenna to
sald receiver;

providing a controller including a processor;

connecting said processor to said receiver and providing
input signals from said receiver to said processor;

computing position solutions for said antennas with said
receiver using GNSS ranging signals received by said
recelver;

controlling said extension section boom drive using said
position solutions;

providing said boom assembly with multiple spray
nozzles:

providing each said spray nozzle with a variable discharge
rate;

said processor selectively and individually controlling said
spray nozzle discharge rates based on GNSS-defined
positions of said extension boom section;

servicing multiple fields with an RTK base;

providing each said field with a respective GNSS-based
control system controlling said 1rrigation equipment;

wherein each said field has a generally elongated rectan-
gular configuration; and

said processor guiding said 1rrigation equipment along a
linear travel path between mnings of each said field

wherein said extension boom section partially extends
into corners of each said field.

20. The method of claim 19, which includes the additional
steps of:

providing an RF correction signal recerver and connecting
said correction signal recerver to said controller;

providing said RTK base including a base GNSS antenna,
a base RTK recerver and a base RTK transmuitter;

connecting said base RTK recerver to said base antenna;
connecting said base RTK transmitter to said base antenna;

locating said RTK base 1n spaced relation from said 1rriga-
tion equipment; and

transmitting RTK correction signals to said correction sig-
nal receiver.

21. The method of claim 19 wherein each said field has a
generally square configuration with a contained circular cov-
erage area for said main boom section and corners located
outside of said circular coverage area, which method includes
the additional steps of:

locating said first antenna at the hinged connection
between said main and extension boom sections;

locating said second antenna in spaced relation outwardly
along said extension boom section from said {irst
antenna,

providing said extension boom section with a steerable
drive tower;

moving said main boom section through a generally circu-
lar movement path;

moving said extension boom section relative to said main
boom section between a fully-retracted angle of
approximately 90° with said main boom section extend-
ing towards a respective side and a maximum partial
extension angle of slightly less than 180° with said main
boom section oriented towards a respective corner;

said controller computing vector orientations of said exten-
sion boom section; and

said controller guiding said extension boom section
through said corners using said vector orientations.



US 8,401,704 B2

13

22. The method of claim 19 wherein each said field
includes an obstacle, which method includes the additional

steps of:

programming said processor with the location of said
obstacle;

saild processor guiding said extension boom section
through a modified travel path avoiding said obstacle.

23. The method of claim 22, which includes the additional
steps of:

14

said processor guiding said extension boom section
between opposite stop locations located along respec-
tive opposite sides of said obstacle; and

said processor guiding said extension boom section
through a path covering an area with a varying radius
including a minimum radius opposite sides of said
obstacle and a maximum radius diametrically opposed

from said obstacle.
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